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1 Introduction 

A major reason for studying the collisions of heavy nuclei at very high energies 
is the hope that we might observe a new state of matter, the "Quark-Gluon 
Plasma" . In this Proceeding I outline a different picture for the high temper- 
ature phase of SU(N) gauge theories: it isn't a plasma — which in this case 
means a weakly interacting gas of essentially massive quasi-particles — but a 
condensate of Z(N) spins. 

That the high temperature phase of a SU (N) gauge theory is like the low 
temperature phase of a Z(N) spin model is an old and familiar story. The 
role of a global Z(N) swnmetry, and its relationship to confinement, was first 
introduced by 't Hooft.B That Z(N) spins form a rigorous order parameter for 
the deconfming phase transition in pure glue theories was shown by Polyakov 
and by Susskind.B Svetitsky and Yaffea demonstrated that if the deconfming 
phase transition is of second order, that the Z(N) spins determine the uni- 
versality class of the theory. Indeed, the Z(N) spins are the standard order 
parameter used on the Lattice to pinpoint the deconfming phase transition. 

What is novel in the following discussion is a mean field theory which 
relates the pressure to the behavior of the Z(N) spins. I first review the usual 
quasi-particle picture of the high temperature phase, and then discuss how I 
was led to the model of a Z(N) condensate. The advantage of a mean field 
theory is that while it clearly breaks down at a critical point, experience in 
condensed matter systems tells us that it often works well away (and sometimes 
even relatively near) a critical point. While the model is extremely simple, it 
does make numerous detailed predictions, which can be tested by numerical 
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simulations. My presentation is meant to be pedagogical, ignoring as many 
technical details as possible. 



2 Quasi-particle Models 

I largely consider the theory without dynamical quarks. Of course this is a 
serious limitation, and yet I will argue that in fact the quenched limit can tell 
us interesting things, at least for three colors. 

At very high temperatures, by asymptotic freedom a plasma picture is 
bound to be a good description. As the temperature T — > oo, the pressure 
P ~ n-oaT 4 ; rioo counts the numbers of degrees of freedom in a textbook fashion. 
There are perturbative corrections to this result; the series starts with terms 
~ 0(g 2 ), but due to many-body effects, the next term is ~ OCg 3 ), so the 
correct series is in fact an expansion in \fg 2 . Heroic calculations □ have given 
us the series to ~ 0(g 5 ). 

Unfortunately, the series behaves extremely badly. Balancing just the g 2 
and g 3 terms tells one that the series starts to fail when a = g 2 /(47r) ~ 1/20, 
which corresponds to ridiculously high temperatures, ~ 10 7 GeV or so. This 
series has been studied with Pade approximations^ Parwani claims that useful 
information can be extracted, which is possible, given the number of terms 
computed. 

Even so, it is not difficult to understand why naive perturbation theory 
may fail. In ordinary perturbation theory, one is computing about the triv- 
ial, perturbative vacuum, in which all fields propagate at the speed of light. 
Through scattering in the thermal bath, however, particles develop an index 
of refraction different from unity, which heuristically we call a "thermal mass" . 
(While handy, the nomenclature is misleading, because gauge invariance is not 
violated.) The thermal mass of the gluon isQ 



In fact, the series is an expansion in y/g 2 precisely because of these thermal 

masses. 

Thus it is useful to develop an expansion in which the effects of thermal 
masses are automatically included. Phenomenological approaches to gases of 
massive quasiparticles have been developed^ More recently, approaches based 
upon hard thermal loops were developed by two groups, by Andersen, Braaten, 
and Strickland, and by Blaizot, Iancu, and Rebhan. □ There are crucial dif- 
ferences between these two approaches: the approach of Andersen et al. is 
manifestly gauge invariant, but even reproducing the ~ g 2 term in the free 
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energy requires a two (!) loop calculation in an effective theory. The approach 
of the Blaizot et al gets the ~ g 2 term right, and with some sleight of hand, 
the ~ g 3 term as well, but it is not manifestly gauge invariant. After these 
resummations, the free energy is presumably better behaved than the ordinary 
perturbative expansion. (Although due to the complexity of the calculations, 
the really crucial test of computing higher order corrections cannot be carried 
out.) Both groups agree that p/T 4 appears to be constant down to low tem- 
peratures, several times the transition temperature, T c ; as discussed below, 
this appears to agree with Lattice simulations. 

Let us take the formula for the thermal mass, m g , in Eq. ([!]) seriously. 
Coming down from infinite temperatures, the ratio of m g /T grows slowly as 
the temperature decreases, due simply to the logarithmic increase of the QCD 
coupling constant. This agrees with careful studies on the Lattice, such as by 
Laine and Philipsen. 113 

3 Lattice results 

The interesting question is to match the behavior of the free energy_down to 
T c . Here one must appeal to numerical simulations on the Lattice, lid I stress 
that the data in the quenched limit is extremely close to the continuum limit; 
for example, between different groups, the results for the ratio of the critical 
temperature, to the square root of the string tension, agree to within ~ 5%; 
the difference is due to how the string tension is extracted, not T c per se. The 
Lattice tells us several things. First, that p/T 4 is constant from a temperature 
kT c on up, equal to about 80% of the ideal gas value; k~2. The pressure drops 
suddenly from kT c to T c , and is essentially zero below T c . This reflects the 
fact that T c ~ 265 MeV is low in the pure glue theory; at such temperatures, 
the probability to excite glueballs, which are heavy, > 1.5 GeV, is very small. 

The standard way of understanding this behavior of the pressure is to use 
a bag model. The pressure is then p = n^T 4 — 6, where b is the bag constant. 
By adjusting 6, one can obviously get the pressure to vanish at some point. 

This is in direct contradiction to other data given to us by the Lattice. In 
particular, it is known that for three colors, the deconfining phase transition is 
weakly first order. For example, the ratio of the energy at T c , to the ideal gas 
value, is ~ 1/3. This is very different from the bag equation of state, which by 
construction gives a similar ratio = 1. 

The latent heat, however, underestimates how much correlation lengths 
grow near the deconfining transition temperature, T C .E3 Coming to the transi- 
tion from below, the string tension at T c is a factor of ten smaller than at zero 
temperature. Coming to the transition from above, the ratio of the screening 
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mass (as defined from the two point function of Polyakov loops), divided by 
the temperature, decreases by a factor of ten, as one goes from 2T C to just 
above T c . 

A historical comment is in order. Originally, simulations for three colors 
at a small number of lattice steps in the imaginary time direction, n t , found a 
strong first order deconfining transition. Going to larger nt, at first the APE 
group claimed to find a second order transition, indirect contradiction with 
very general arguments for a first order transition. □ While it was soon found 
by the Columbia group that the transition is first order, the confusion was 
extremely instructive, for it demonstrated how weakly first order it really is. 

The order of the phase transition for three colors can be understood as 
follows. For two colors, the deconfining transition appears, from numerical 
simulations, to be of second order n Indeed, calculations of critical^xponcnts 
agree very well with the predictions of a Z(2), or Ising, spin modelLj For four 
colors, old simulations indicated that the transition is oLfirst order. For vari- 
ous reasons, Tytgat and I were skeptical of this result, til but we were wrong. 
In agreement with older simulations, recent workJscy Ohta and Wingate clearly 
demonstrates that the transition is of first order. t3 (For four colors, large nt is 
necessary to seperate a bulk transition of the Wilson action from the deconfin- 
ing transition at nonzero temperature.) There is still work to do, though: it is 
not known how strongly first order the deconfining transition is in the contin- 
uum limit. If we assume that it is strongly first order, then the transition for 
three colors is weakly first order because it is near the second order transition 
for two colors. Presumably, four colors is like any larger number of colors, 
so that the transition is of first order as N — ► pa. This agrees with general 
arguments on the Lattice by Gocksch and Neri.Ej Also, it demonstrates that 
in at least this one instance, three colors is not close to infinity, but to two. 

4 Back to Quasiparticles 

How can a weakly first order transition be described within a quasiparticle 
model? Take non-interacting quasiparticles, with masses which vary with tem- 
perature. Since the particles are by definition nonintcracting, in order for the 
pressure to nearly vanish at T c , the quasiparticle masses must be heavy, so 
that their free energy vanishes in a Boltzmann fashion. This has been done 
by several groups. □ Typically, the one loop formula for the thermal mass in 
Eq. (Q) is assumed; one then allows the coupling constant to grow in such a 
fashion that the pressure is correctly fit. Essentially, one correlates the Landau 
pole in the coupling constant with the decrease in the-free energy at T c . (For 
a different, phenomenological fit to the pressure, see. til) 



4 



I suggest that this fit is physically unnatural. Consider, for the sake of 
argument, the case of two colors. Again, the pressure, the energy, etc., nearly 
vanish at T c . Surely the pressure for two colors can be fit by such a model, 
with increasing masses. We know, however, that since the transition is truly 
of second order, that the mass for Z{2) spins exactly vanishes at the critical 
temperature. So we are describing an exact critical point by a gas in which the 
masses are becoming very heavy, not even light! I find this odd; one would like 
a model to fit all aspects of the physics, not just some. The same argument 
applies for three colors, where the transition is weakly first order, or as I prefer 
to call it, nearly second order. Conversely, if the deconfining transition is 
strongly first order for four or more colors, then such a fit may be reasonable. 

n I note that the decrease of the screening mass was described by Peshier et 
alu There are actually two screening masses: one for the screening of static, 
electric fields, ~ Aq, and one for the screening of time-dependent fields, ~ Af. 
In ordinary perturbation theory, these two masses are strictly tied together, 
since they both arise from the gluon polarization tensor, with one 1 / times 
the other. Peshier et alU describe the mass for Aq as an integral over the A4 
quasiparticles; as the A, fields become heavy, the Aq fields become light. It 
is not clear to me, though, how these two very different screening masses can 
arise from the same polarization tensor. See, however, my comments at the 
end. 



5 Effective Model 

How then can one describe the behavior of the pressure? The impetus for my 
work was a talk given by Eric Braaten atpjthe Aspen Center for Physics, in 
August of 1999. After describing his work, 13 Hans Pirner asked him if he had 
considered the coupling of condensate fields to the quasiparticles; Braaten said 
no. (I think Pirner meant pions.) My immediate thought was to couple the 
field for the Polyakov loop to the quasiparticle masses. 
I then introduce the Z(N) Polyakov loop: 

t{x) = jj tr (v exp (ig J J A Q {x,T)dr\\ ; (2) 

where V is path ordering, g is the gauge coupling constant, x is the coordinate 
for three spatial dimensions, and r that for euclidean time. The I field is real 
for two colors, and complex valued for three, or more. In published work I call 
the operator in (||) the thermal Wilson line;tJ in these proceedings, in deference 
to European custom I call it the Polyakov loop. B 
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The £ field transforms only under the global Z(N) symmetry of 't Hooft,B 
£ — > exp(2n /N)£. The expectation value of £, (£) — £q, behaves exactly op- 
posite to that of an ordinary spin system: it vanishes in the low temperature 
phase, and is nonzero in the high temperature phase. 

My first thought was then to couple the Polyakov loop to the screening 
mass, taking m g ~ gT£ for gluons, and m q ~ gT^/J for quarks. These powers 
of £ are natural guesses, given the general expressions for hard thermal loopsli3 
However, the quasiparticlcs then become light near the transition, and even if 
one adds a bag constant to fit the pressure, one can't fit the energy, since light 
fields inevitably have a lot of energy. 

Instead of marrying the Polyakov loop to hard thermal loops, I ended up 
throwing out the quasiparticlcs altogether, and developing a theory entirely in 
terms of the Polyakov loop. The usual way in which to model the magnetization 
in a spin system is by mean field theory. For three colors, I take: 

V = (-26a \i\ 2 + h(£ 3 + (t f) + m 2 ) 2 ) h T 4 . (3) 

The terms ~ \£\ 2 and ~ (|^| 2 ) 2 appear for any number of colors, since they 
are invariant under a global symmetry of 0(2). The term ~ £ 3 is special to 
the three colors, reducing the global symmetry to Z(3). The cubic invariant 
drives the transition first order; for the sake of simplicity, since the transition 
is nearly second order, for now I ignore 63. 

At the minimum of the potential, for 63 = 0, £q = 62- Thus whatever 
the behavior of £${T), one can trivially obtain this by adjusting 62 {T). In an 
ordinary spin system, 62 is negative below T c , and positive above; for Z(3) 
spins in a gauge theory, one simply requires the opposite, positive 62 below T c , 
and negative 62 above. 

The potential in @ is totally standard; □ my only contribution is to add 
an overall factor of T 4 in V. This arises because the Polyakov loop, as an 
exponential, is of necessity a pure number, without any mass dimension. Thus 
the only parameter to make up powers of mass is the temperature T. While 
mathcmtically trivial, this does have physical consequences. 

At high temperature, fluctuations in Aq can be neglected, so £q — ► 1. With 

63 = 0, this requires that 62 - ► 1 as T — + 00. At the minimum of the potential, 
when 6 2 < 0, V = — 6 2 &4T 4 ; when 62 > 0, V = 0. Since the pressure p = —V, 
we obtain a relation between the pressure and £q in the deconfined, or broken 
symmetric phase, p ~ £qT 4 . At high temperature, 64 — > n^, to obtain the ideal 
gas result. As the temperature is lowered, certainly 62 changes, and probably 

64 as well. Around the critical temperature, in the spirit of mean field theory 
I assume that one can neglect the variation in 64, and only allow 62 to vary. 
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The relationship between the pressure and £o{T) can in principle be tested 
on the Lattice. Qualitatively, one views p/T 4 as being approximately constant 
from T = oo down to nT c because £o is approximately constant. From the 
mean field theory alone, one cannot tell if p/T 4 is 80% of the ideal gas value 
because 64 is 80% of Hoc, or because £0 is -95 (or, equivalently, because 62 ~ .9). 
Indeed, the best way of defining k is not merely from the free energy, but where 
£0 differs significantly from unity. Below kT c , the sharp drop in the pressure is 
then viewed as the result of a sharp drop in the expectation value of the Z(3) 
Polyakov loop. 

In principle, this can be tested by measuring £q on the Lattice. For ex- 
ample, it is not obvious that the simple quartic potential in V is necessarily 
adequate to fit the pressure; perhaps terms ~ (K| 2 ) 3 have to be added. If only 
quartic terms enter, then one has a qualitative prediction: p/(£qT 4 ) should be 
constant, at all temperatures. Of course near T c this may break down because 
of nearly critical fluctuations. This is certainly true for two colors. 

Two natural questions arise, which have a related answer. First, why in 
the mean field theory is there a contribution from the condensate, but not from 
fluctuations in the condensate? Second, is this type of mean field theory for 
the pressure useful for any gauge theory at nonzero temperature? 

To answer the first question, I appeal to the large N expansion. E10 At 
large N, the free energy itself is a natural order parameter: it is of order 
one in the confined phase, and of order ~ N 2 in the deconfined phase. E3 
The elementary explanation for this is of course that gluons are deconfined, 
and they contribute ~ N 2 to the free energy. However, there is a quandry: 
we should be able to describe the free energy, which is a physical quantity, 
exclusively in terms of gauge invariant quantities. So what is the term in the 
free energy ~ TV 2 due to? I suggest that the expectation value of the Z(N) 
Polyakov loop, £0, is the only quantity which can do so. The potential is like V 
in Eq. (^), except that there is no £ 3 term, only terms ~ \£\ 2 and (|^| 2 ) 2 . With 
the normalization of the Z(N) Polyakov line in Eq. (Q), £q is of order one (not 
~ N) at all temperatures. So one simply adjusts the overall coefficient, 64, to 
be ~ jV 2 , as it must be to match the ideal gas value. There are then other 
contributions to the free energy: from fluctuations in £, for example. But £ 
only has two degrees of freedom, and so can be ignored relative to the terms 
~ TV 2 . There are also contributions to the free energy from glueballs, either 
electric or magnetic. Again, however, any glueball state is of necessity a color 
singlet, and so can only contribute ~ 1 to the free energy. 

The Z(N) Polyakov loop does not always dominate the pressure. Consider 
a generalized (or "quarky") large N limit, in which the number of flavors, Nf, 
goes to infinity along with N. Since there are ~ Ni hadrons, the free energy 
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is then nonzero, on a scale of ~ AT? ~ NfN ~ iV 2 , at all temperatures. 
Alternately, the expectation value of the Z(N) Polyakov loop, £q, is always 
nonzero: ~ Nf/N at low temperatures, and ~ 1 at high temperatures. One 
might still imagine that there is a phase transition (for massless quarks, there 
is a chiral phase transition), but one does not necessarily expect a large change 
in the free energy, nor in £q. One could still write down a mean field theory 
for the pressure, in terms of a potential like V, but it is not obvious if it will 
be of any use. 

Indeed, this gives one a qualitative guide to when the mean field theory 
for £ should be of use. If the pressure in the low temperature phase is small, 
then presumably that is because £q is small. One can then model the increase 
in the free energy by a change in the Polyakov loop. Fortunately, this appears 
to be the case in QCD: from present Lattice simulations c2l the pressure in the 
low temperature phase is small. Of course, in present simulations, the pions 
are relatively heavy, at least as heavy as physical kaons. This is where the 
present theory could fail to apply to QCD: if better simulations, with lighter 
pions, find that the free energy is much larger in the low temperature phase 
than at present, then using a mean field theory for £ to calculate the pressure 
would become increasingly dubious. 

For the time being, let me assume that this is not the case. Now it is well 
known that the order of the phase transition depends extremely sensitively 
on the presence of dynamical quarks; it appears that the weakly first order 
transition in the pure glue theory is completely washed out by the effect of 
quarks. I suggest that this is only possible because the transition is so weakly 
first order. I suggest, however, that the nearly second order transition persists. 
In the pure glue theory, correlation lengths associated with £ grow by a factor 
of ten near the deconfining phase transition. With dynamical quarks, it is no 
longer a deconfining phase transition, but a chiral transition, or just crossover. 
Thus one does not expect correlation lengths associated with I to grow as much; 
even within the model, they cannot, since then there is measurable pressure 
in the low temperature phase. Perhaps the correlation length associated with 
£ might grow not be a factor of ten, but five. This factor of five is sheer 
guesswork. 

What is dramatic is that this field may dominate the free energy in QCD. 
In an ordinary critical point, there is both a regular and a singular part. The 
critical field affects the singular part, but there is always a regular part which 
remains constant about the critical temperature. In QCD, it might be that 
the regular part — associated with fields other than t, or with fluctuations 
in I — are much smaller to those from the potential for £. Then it would be 
meaningful to speak of the transition in QCD as being "near" the critical point 
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for two colors in the quenched theory. It would be preposterous to suggest this 
without data from the Lattice; with such data, it is a testable proposition. 

6 Qualms 

In this section I mention several outstanding problems which I swept under 
the rug. 

Like any other operator in a quantum field theory, the Polyakov loop must 
be renormalized. It is necessary to seperate this ultraviolet renormalization 
from the physical behavior of t, as a Z(N) spin. For example, when £q is 
measurecLan the Lattice, it typically is much less than unity, even far away 
from T c . Ell This is due to a renormalization on the Lattice, which acts to 
decrease the bare £q . Ill 

To seperate the effects of ultraviolet renormalization, it is probably is 
not sufficient to measure just £. One possibility is the following, El Calculate 
not just the trace, but the full eigenvalue distribution for the matrix values, 
SU(N) Polyakov loop. By definition, one ignores an overall constant factor, 
which includes any ultraviolet renormalization. The trace of the Polyakov loop 
can then be computed from the distribution of eigenvalues. By construction, 
this gives an £q which approaches unity at high temperature. This may or 
may not be a practial proceedure; regardless, since one has a renormalization 
condition with which to fix £ — such as £q — > 1 as T — ► oo, the problem should 
be manageable. 

Recently, the role of the magnetic Z(N) symmetry has been stressed by 
several authorsca This is an interesting approach; however, the magnetic Z(N) 
symmetry is broken in the low temperature phase, and restored in the high 
temperature phase. But then a magnetic condensate cannot be used to develop 
a mean field theory for the free energy in a gauge theory, since that is only 
large at high temperatures. 

More generally, several authors, most cogently SmilgapJ have argued that 
the Polyakov loop it is entirely a figment of imaginary time. (Indeed, as was 
clear in the discussion section, this feeling appeared to be shared by many par- 
ticipants at the conference.) The problems which Smilga raises arc important, 
and I cannot solve them at present. However, I believe that it is possible to 
analytically continue the Polyakov loop to processes in real time. (I made one, 
incomplete, attempt. El) Indeed, as is .obvious from the original derivation by 
Taylor and WongEJ hard thermal loop£a generalize the Debye mass term, ~ Aq 
to real time. But the Debye mass term is the leading term in an expansion for 
an effective lagrangian of Polyakov loops. El 

More generally, perhaps this can reconcile my approach with that of mas- 
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sive quasiparticles.SEI The Polyakov loop is an operator involving Aq, while the 
quasiparticles involve the transverse degrees of freedom, the Ai's. Maybe near 
the transition, where £q — > 0, the Ai propagator is more involved than just a 
simple mass getting heavy: maybe it is that the wave function renormalization 
becomes small. After all, I is something like the wave function for an infinitely 
heavy test quark. 



References 



1. R. D. Pisarski, hcp-ph/0006205 , to appear in Phys. Rev. D. 

2. G. 't Hooft, Nucl. Phys. B153, 141 (1979). 

3. A. M. Polyakov, Phys. Lett. B72, 477 (1978); L. Susskind, Phys. Rev. 
D20, 2610 (1979). 

4. B. Svetitsky and L. G. Yaffe, Nucl. Phys. B210, 423 (1982). 

5. P. Arnold and C. Zhai, Phys. Rev. D50, 7603 (1994); Phys. Rev. D51, 
1906 (1995); E. Braaten, Phys. Rev. Letts. 74, 2164 (1995); E. Braaten 
and A. Nieto, Phys. Rev. D53, 3421 (1996); B. Kastening and C. Zhai, 
Phys. Rev. D52, 7232 (1995). 

6. T. Hatsuda, Phys. Rev. D56, 8111 (1997); B. Kastening, Phys Rev 
D56, 8107 (1997); R. Parwani, |hcp-th/0010"l97| ; |hcp-ph/0010234| ; [hep- 



ph/0010294 



7. E. Shuryak, Zh. Eksp. Teor. Fiz 74, 408 (1978) [Sov. Phys. JETP 47, 
212 (1978)]; J. Kapusta, Nucl. Phys. B148, 461 (1979). 

8. F. Karsch, Z. Phys. C 38, 147 (1988); D. H. Rischke, M. I. Gorenstein, 
H. Stocker, and W. Greiner, Phys. Lett. B237, 153 (1990); A. Peshier, 
B. Kampfer, O.P. Pavlenko, and G. Soff, Phys. Rev. D54, 2399 (1996); 
P. Levai and U. Heinz, Phys. Rev. C57, 1879 (1998). 

9. J. O. Andersen, E. Braaten, and M. Strickland, Phys. Rev. Lett. 83, 
2139 (1999); Phys. Rev. D61, 014017 (2000); ibid., D61 074016 (2000); 
J.-P. Blaizot, E. Iancu, and A. Rebhan Phys. Rev. Lett. 83, 2906 



10. 
11. 



12. 



(1999); Phys. Lett. B47 0, 181 (1999); [hcp-ph/0005003| . See, also, A. 
Peshier, tiep-ph/991045l| , and work in progress. 
M. Laine and O. Philipsen, Phys. Lett. B459, 259 (1999). 
P. Bacilieri et at, Phys. Rev. Lett. 61, 1545 (1988); F.R. Brown et 
al, ibid. 61, 2058 (1988); A. Ukawa, Nucl. Phys. Proc. Suppl. B17, 
118 (1990); ibid., 53, 106 (1997); E. Laermann ibid., 63, 114 (1998); F. 



Karsch, |hepdat/9909006| . 

O. Kaczmarek, F. Karsch, E. Laermann, and M. Liitgemeir, bep- 



lat/9908010 



13. P. H. Damgaard, Phys. Lett B194, 107 (1987); J. Engels, J. Fingberg, 



10 



K. Redlich, H. Satz, and M. Weber, Z. Phys. C42, 341 (1989); J. Kiskis, 
Phys. Rev. D41, 3204 (1990); J. Fingberg, D. E. Miller, K. Redlich, J. 
Seixas, and M. Weber, Phys. Lett. B248, 347 (1990); J. Christensen and 
P. H. Damgaard, Nucl. Phys. B348, 226 (1991); P. H. Damgaard and 
M. Hasenbusch, Phys. Lett. B331, 400 (1994); J. Kiskis and P. Vranas, 
Phys. Rev. D49, 528 (1994); J. Engels, F. Karsch, K. Redlich, Nucl. 
Phys. B435, 295 (1995); J. Engels, S. Mashkevich, T. Scheideler, and 

G. Zinovev, Phys. Lett. B365, 219 (1996); J. Engels and T. Scheideler, 
Phys. Lett. B394, 147 (1997); Nucl. Phys. B539, 557 (1999). 

14. R. D. Pisarski, Phys. Rev. D29, 1222 (1984); R. D. Pisarski and M. 

H. G. Tytgat, in "Hirschegg '97: QCD Phase Transitions", edited by H. 
Feldmeier et al. (GSI Publishing, Darmstadt, 1997). 

15. G. G. Batrouni and B. Svetitsky, Phys. Rev. Lett. 52 (1984) 2205; 
A. Gocksch and M. Okawa, ibid. 52 (1984) 1751; F. Green and F. 
Karsch, Phys. Rev. D29 (1984) 2986; J. F. Wheater and M. Gross, 
Phys. Lett. B144 (1984) 409; Nucl. Phys. B240 (1984) 253; S. Ohta 



and M. Wingate, Nucl. Phy s. Proc. Suppl. B73, 435 (1999); |hep- 
lat/9909125| ; |hep-lat/0006016| . 
16. A. Gocksch and F. Neri, Phys. Rev. Lett. 50, 1099 (1983); M. Billo, 
M. Caselle, A. D'Adda, and S. Panzeri, Int. J. Mod. Phys. A12, 1783 
(1997). 



17. S. Hamieh, J. Letessier, J. Rafclski, M. Schroedter, and A. Tounsi, pep- 
ph/00040T(| 



18. M. Le Bellac, Thermal Field Theory (Cambridge, Cambridge University 
Press, 1996). 

19. C. B. Thorn, Phys. Lett. B99, 458 (1981). 

20. F. Karsch, E. Laermann, and A. Peikert, |he"p-lat/00020'0S . 

21. K. Enqvist, K. Kajantie, L. Karkkainen, and K. Rummukainen, Phys. 
Lett. B249, 107 (1990). 

22. C. Korthals-Altes, A. Kovner, and M. Stephanov, Phys. Lett. B4 69, 
205 (1999); C. P. Korthals Altes and A. Kovner; |hep-ph/0004052t G. 
Dunne, A. Kovner, and B. Tckin, |hcp-th/0008139| ; C. D. Fosco and A. 
Kovner, |hcp-th/0010064l ; G. Dunne, I. I. Kogan, A. Kovner, B. Tekin, 
hep-th/00102of 

23. A.V. Smilga, Phys. Rept. 291, 1 (1997). 

24. J. C. Taylor and S. M. Wong, Nucl. Phys. B346, 115 (1990). 



11 



